We study the effect of parity violation on the vibrational and rotational frequencies of CHBrClF. We report the parity violating potentials as a function of reduced normal coordinates for all nine internal vibrational modes v 1 to v 9 , using our new, accurate multiconfigurational-linear response (RPA and completeactive-space self-consistent field) approach. All modes v i show a strongly mode dependent relative shift D pv v i ͞v i (between 0.08 3 10 216 and 13.3 3 10 216 , much smaller than all previous experimental tests could detect, including the most recent ones). The results are discussed in relation to other tests of parity violation.
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1.
Introduction.-Relatively quickly after the discovery of parity violation in atomic and nuclear physics [1, 2] it was recognized that this phenomenon can lead to an energy difference D pv E between left-handed and righthanded enantiomers of chiral molecules ( [3] [4] [5] [6] [7] [8] ; for a review, see [9] ). While direct measurements of D pv E have been proposed, using spectroscopic methods involving intermediate levels of well-defined parity [9, 10] , until today no successful experiment of this or a related kind has been reported. There have, however, been substantial efforts to calculate D pv E quantitatively, following the pioneering work of Hegstrom, Rein, and Sandars about two decades ago [11] [12] [13] [14] . Such calculations are possible because of electroweak theory [15] [16] [17] providing a general theoretical framework for parity violating effects not only in high energy and nuclear physics, but also in atomic [18, 19] and molecular physics, where we have termed the systematic approach to parity violation "electroweak quantum chemistry" [20] [21] [22] [23] . The recent theoretical discovery [20, 21] , reconfirmed by independent computational techniques [22] [23] [24] [25] , that D pv E for several molecular examples is calculated by configuration interaction singles and other more advanced theoretical methods to be larger by 1 to 2 orders of magnitude than anticipated by the earlier restricted Hartree-Fock (RHF) methods has led to a renewed interest in parity violating effects in molecules.
Among the proposals to establish parity violation in molecules, one may mention also the possibility of measuring frequency shifts D pv n in spectra of enantiomers, ranging from the radio frequency (NMR) [26, 27] to the infrared [5, [28] [29] [30] [31] [32] [33] [34] [35] [36] . Indeed some early theoretical estimates of these effects are available [13] . In this context [5, 28] , as well as in the context of direct measurements of D pv E [9] , CHBrClF has been selected as a test compound and recently been investigated in more detail [31] [32] [33] [34] [35] [36] . Together with fluorooxirane [30] , CHBrClF has been the first example of a chiral molecule, for which an infrared fundamental was fully rotationally analyzed using a combination of advanced Fourier transform infrared (FTIR) and diode laser supersonic jet techniques along with microwave experiments. This provides a prerequisite of experimental tests of parity violation in the optical domain [34] . Such experiments provide bounds on D pv n͞n, since splittings from the different enantiomers are not resolved with an accuracy limited by jet Doppler widths in microwave and IR spectra (in the range of 10 26 to 10 27 ). This upper limit has already been discussed earlier [5, 28, 29] [35, 36] . While bounds on the shift do not provide a direct measurement of the actual parity violating energy difference D pv E between the enantiomers, they are nevertheless of interest in comparison with theory. So far, accurate theoretical calculations on D pv n in CHBrClF (nor any other chiral molecule, to our knowledge) have not yet been reported. It is the aim of this paper to provide such results on the basis of our systematic approaches towards electroweak quantum chemistry [20] [21] [22] [23] .
2. Theory.-One can distinguish two fundamentally different approaches towards calculating D pv n in rovibrational spectra of chiral molecules. The first one might be called "adiabatic," because it makes proper use of the large difference in frequency and time scales resulting from rovibronic and parity violating energies. One calculates the rovibronic wave functions and energy levels E i (in 3N 2 3 dimensional space, 3N 2 6 with separation of rotation and vibration) and then the shifts d pv E l i and d pv E r i for the energy levels of left-and right-handed enantiomers by perturbation theory, using the parity violating Hamiltonian. By calculating
͒ hD pv n ij one obtains the desired results for measurable shifts of transition frequencies. While this approach would be theoretically most satisfactory, it demands coping with the formidable task of calculating the full dimensional rovibronic wave function for a molecule like CHBrClF. Even if a separation of electronic, vibrational, and rotational degrees of freedom is accepted as an approximation, just the solution of the nonseparable anharmonic nine-dimensional vibrational problem is a task, which has only recently been accomplished for systems of related complexity in exact discussions of rovibrational constants and dipole moments of methane isotopomers, using quantum Monte Carlo techniques [37] . This approach does not seem attractive for a first study of D pv n, although it should be kept in mind for the future. If one introduced further separability approximations, one expects errors of the size estimated for the other approach selected here.
The second approach might be called "quasiharmonic reverse adiabatic." In order to estimate the influence of the parity violating potential on the vibrational and rotational frequencies, we calculate the function V pv ͑ q͒ in reduced dimensionless normal coordinates q j (j from 1 to 3N 2 6).
q corresponds to a set of 3N Cartesian coordinates for a N-atomic molecule. Following our earlier work on multidimensional potential energy surfaces for the CH chromophore [31, [38] [39] [40] , we obtain reduced normal coordinates q j from the diagonalization of the Cartesian mass-weighted force constant matrix F ͑x,m͒ . We determine V pv ͑ q͒ along the reduced normal coordinates via the Cartesian displacements [41] 
where g j q v 0 j ͞h and ͕v 0 j ͖ are related to the eigenvalues, and ͕l nj ͖ are the eigenvectors obtained by diagonalizing F ͑x,m͒ ; m n are the atomic masses and x n the atomic Cartesian coordinates. This provides new Cartesian geometries used to calculate V pv ͑q j ͒.
To a first approximation we assume that V pv ͑ q͒ is diagonal, without coupling between different vibrational modes. An estimate for the anharmonic vibrational fundamental wave number shift between enantiomers, D pvñj can be obtained by assuming that it is approximately equal to the shift of the harmonic wave numbers (the factor of 2 arises since we consider the difference between both enantiomers):
l 0 diagonalizes F ͑x,m͒ , and the perturbing force constant matrix due to the parity violating potential, F pv , is evaluated as the second derivative of V pv ͑ q͒ with respect to the 3N 2 6 reduced normal coordinates. The diagonal force constants are given by
V pv ͑ q͒ has been calculated ab initio on a grid and fitted by a least-squares procedure to a polynomial expansion [Eq. (4)] up to a third order, with coefficients p k ͑ j͒:
Thus
where p R 2 ഠ 2p S 2 , which has been checked numerically.
CHBrClF has been investigated theoretically and spectroscopically by high-resolution diode laser and FTIR vibrational overtone spectroscopy of the CH chromophore [31] [32] [33] . The vibrational force field has been obtained at the level of second order Møller-Plesset perturbation theory (MP2) with basis 1 (double-zeta quality) from our previous investigations [32] . We evaluated V pv ͑q j ͒ for wave functions from RHF theory in the sum-over-states approach [20, 21] , and with our most recent multiconfigurational-linear response (MC-LR) approach [23] using the RPA and complete-active-space selfconsistent field (CASSCF), the latter only for some selected vibrational modes. The relevant quadratic parameters p 2 ͑ j͒ from the least-squares fit have been used to calculate D pvṽj ͞ṽ j , listed in Table I , for the nine vibrational modes as obtained from RHF and RPA.
V pv also gives rise to a shift of the global potential minimum. This change in equilibrium geometry parallels a change of the effective rotational constants and thus can be used to estimate the frequency shifts in the pure rotational spectrum in the microwave region: For each vibrational mode (uncoupled, but due to V pv no longer harmonic), we have a coordinate dependence (expressed in reduced normal coordinates of the molecular system without V pv present) according to Eq. (4), and the coordinate for the new minimum is approximately given by the expression (assuming q j min 0 without V pv )
The corresponding change in geometry (D x) is given by Eq. (1). This change in Cartesian geometry gives rise to a slightly modified inertia tensor I 0 1 I pv compared to I 0 without V pv present. The eigenvalues of Z y ͑I 0 1 I pv ͒Z (Z is the matrix of eigenvectors) provide an estimate for [37] .
3. Results and discussion.-The dependence of the parity violating potential V pv ͑q j ͒ of (R)-CHBrClF on reduced normal coordinates is presented in Fig. 1 for two selected vibrational degrees of freedom, the CF-stretching mode n 4 at 1077 cm 21 and the higher CH-bending mode n 2 at 1306 cm 21 . We show the one-dimensional functions V pv ͑q j ͒ in the reduced normal coordinate range 22 # q j # 12 [this can be converted to a normal coordinate range for Q j with
The variation of V pv with q j is qualitatively similar for the RHF and the RPA calculations, however, there are quantitative differences (up to a factor of 6; see Table I and Fig. 1 ). There are also great differences between the vibrational modes. The parity violating potential energy is almost constant over the whole q range for the CHstretching vibration n 1 . The bending modes n 2 , n 3 (CH bend), n 7 (ClCF bend), and n 8 (BrCF bend) have comparably large V pv values for large q j (see Fig. 1 for the examples n 2 and n 4 ). We have explicitly calculated V pv for the (S)-CHBrClF enantiomer. The fit gives, within numerical accuracy, the same magnitude but different signs, as expected. The largest relative shift in the harmonic vibrational frequencies due to the parity violating potential is obtained for the CH-bending ͑n 2 , n 3 ͒ and the CClstretching (n 5 ) vibrations (with both RHF and RPA).
The relative difference D pv X͞X of the A, B, C rotational constants between both enantiomers caused by V pv is on the order of 10 216 (between 0.1 and 0.3), whereas the current relative experimental accuracy of the A constant is about 10 28 . Given that rotational transition wave numbers are on the order of 2BJ with the angular momentum quantum number J, detection of shifts due to parity violation might be easier in the microwave rather than in the IR spectra. Finally, Table II shows the parameters from the fit of V pv for the CF-stretching mode (n 4 ) to the third order polynomial Eq. (4) for RHF, RPA, and three high quality MC-LR (CASSCF) wave functions by steadily increasing the active space from 8 electrons distributed over 10 orbitals ( [8, 10] CAS) to finally 12 electrons in 12 orbitals (already a fairly large active space). The energy difference between (S)-and (R)-CHBrClF, D pv E E R 2 E S can be calculated from the averaged value ͑2hc͞9͒ P j p 0 ͑ j͒ ഠ 2hcp 0 ͑ j͒ R , and the wave number shift is D pvṽj ഠ 4p 2 ͑ j͒.
4. Conclusions.-The present work provides the first reasonably accurate theoretical calculations on frequency shifts in the infrared and microwave spectra of the enantiomers of chiral molecules due to the effects of the parity violating weak nuclear interaction. The application to CHBrClF indicates that currently available experimental tests in the n 4 infrared spectrum (with uncertainty 4 3 10 213 ) miss the predicted effect (D pv v͞v ഠ 6 3 10 217 ) by about 4 orders of magnitude. The predicted shifts depend strongly on the vibrational mode. The predicted relative effect in the microwave spectrum (2 3 10 217 for D pv C͞C) is also far from the current experimental uncertainty (DC͞C ഠ 2 3 10 27 ). The S configuration of CHBrClF is calculated here to be more stable than R by about 10 212 cm 21 or about 10 211 J mol 21 (for the absolute configuration, see [43] ).
In assessing the significance of our results three considerations are in order. First, larger experimental effects are expected for chiral molecules with at least two heavy centers [21] , such as CHBrFI, where the shift might be detectable in the near future. While relativistic effects [25] will be of some importance for all of these molecules, they are not expected to change the order of magnitude for CHBrClF (a relativistic result reported for D pv E in CHBrClF is obviously grossly incorrect [44] ). Second, theoretical improvements are desirable as discussed at the beginning of section 2. A first such step has been carried out by calculating expectation values ͗yjV pv jy͘ for onedimensional harmonic and anharmonic vibrational levels (in reduced normal coordinates), giving results lower by a factor of 2 than those presented here in the harmonic case and variable changes in absolute magnitude of this order for the anharmonic case. The difference is understandable and gives an indication of the uncertainties due to the approximations in the theory [45] . Third, a direct measurement of the much larger predicted D pv E using an intermediate spectroscopic level connecting both enantiomers as proposed in [9, 10] would, because of its higher significance, be more useful in theoretically analyzing the experimental result with the aim of improving our knowledge of the fundamental constants of the standard model [20] [21] [22] (see also the discussion in atomic parity violation [18, 19, 46] ) and other aspects of fundamental symmetries [40, 47] .
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